We report a study aimed at highlighting the mechanism of a new amorphous silicon crystallization phenomenon that originates from the perimeter of a germanium layer during low-temperature annealing ͑500°C͒. Results are reported on doped and undoped amorphous silicon films, with thicknesses in the range 40-200 nm, annealed at a temperature of 500 or 550°C. A comparison is made of crystallization arising from Ge and SiGe layers and the role of damage from a high-dose fluorine implant is investigated. Plan-view scanning electron microscope images show that perimeter crystallization is only present in amorphous silicon films with thicknesses ഛ100 nm, and that the crystallization width increases with decreasing film thickness and increasing doping level. Cross-sectional scanning electron microscope images show that the perimeter crystallization originates from grains at the bottom of the amorphous silicon film. The perimeter crystallization phenomenon disappears when the amorphous silicon is implanted with fluorine and when an Si 80% Ge 20% layer is employed instead of germanium. The perimeter crystallization is due to the formation of large grains as a result of an increased growth rate of pre-existing grains and this is attributed to the strain generated by the thermal expansion of the germanium layer during anneal. The crystallization of amorphous silicon ͑␣-Si͒ has been intensively investigated for application in active-matrix flat-panel displays and 3D electronics.
The crystallization of amorphous silicon ͑␣-Si͒ has been intensively investigated for application in active-matrix flat-panel displays and 3D electronics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Several techniques have been studied for the fabrication of high-quality polycrystalline silicon ͑poly-Si͒ with large crystallite size, low grain-boundary defect density, and high carrier velocity. These include excimer laser crystallization ͑ELC͒, [1] [2] [3] solid-phase crystallization ͑SPC͒, 4,5 metal-induced crystallization ͑MIC͒, 6, 7 and metal-induced lateral crystallization ͑MILC͒. [8] [9] [10] This latter approach has the advantage of giving good control over the location of the grain boundaries but the disadvantage of introducing metal contamination into the ␣-Si, with deleterious effects on transistor performance. 11 Germanium has also been proposed as a seeding agent for the lateral crystallization of ␣-Si 12,13 because of its better compatibility with scaled complementary metal oxide semiconductor ͑CMOS͒ technology. The lower melting point of germanium than silicon was reported to reduce the incubation time for the crystallization of the underlying amorphous silicon film by the formation of a SiGe layer at the Ge-Si interface. 12, 13 Improved values of mobility were obtained for thin-film transistors fabricated in ␣-Si layers crystallized using a germanium seed. 12, 13 In a previous article, we reported a new low-temperature ͑500°C͒ ␣-Si crystallization phenomenon that occurs at the perimeter of a Ge layer grown on ␣-Si through a window in a SiO 2 layer. 14 This phenomenon was termed perimeter crystallization and the results suggested the presence of an additional crystallization mechanism in the early stages of the crystallization process. Perimeter crystallization has the potential to provide ␣-Si crystallization at significantly lower thermal budgets than has been possible previously, with good control over grain boundary location and without metal contamination.
In this article, we report a detailed study of the perimeter crystallization by a germanium layer which aims to identify the mechanism responsible for the phenomenon. The lateral-crystallization behavior is investigated for ␣-Si films with different thicknesses and doping concentrations and for crystallization anneals at different temperatures and times. A comparison is also made of the crystallization behavior obtained using Ge and Si 80% Ge 20% layers. It is shown that the perimeter crystallization is due to the formation of large grains by an increased growth rate of pre-existing grains around the perimeter of the germanium layer. This is attributed to strain generated from the different thermal-expansion coefficients of the Ge layer, the ␣-Si film, and the SiO 2 layer. Figure 1 shows a schematic diagram of the fabricated samples. After the growth of a 100 nm thermal oxide at 1100°C on ͑100͒-oriented silicon wafers, ␣-Si films with thicknesses of 200, 100, 60, and 40 nm were deposited by low pressure chemical vapor depostion ͑LPCVD͒ at 560°C from SiH 4 . Some 100 nm ␣-Si films were implanted with B + doses of 3 ϫ 10
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, and 3 ϫ 10 15 /cm 2 or with As + doses of 2 ϫ 10 13 and 2 ϫ 10 15 /cm 2 at 15 and 80 keV, respectively. An undoped 100 nm ␣-Si sample was also implanted with 47 keV, 5 ϫ 10 15 /cm 2 fluorine to place the peak fluorine concentration at the bottom ␣-Si/SiO 2 interface. A 300 nm LPCVD ͓low temperature oxide ͑LTO͔͒ SiO 2 was then deposited and windows of different shapes were opened in this layer to allow a contact between the Ge and ␣-Si layer. Before Ge deposition, the surface was prepared by a 20 s dip in a 100:1 hydrofluoric acid ͑HF͒ solution, a water rinse for 10 s and a spin dry. A 1.6 m polycrystalline germanium layer was then deposited by LPCVD at a temperature of 520°C and a pressure of 2 Torr. Immediately after Ge deposition the wafers were annealed in argon ambient at 500 or 550°C for 20, 40, and 60 h to crystallize the ␣-Si films. After crystallization, the remaining Ge was removed in an RCA solution and the sacrificial oxide was removed in HF. The samples were then etched in a HF/H 2 O/HNO 3 /CH 3 COOH = 1:9:50:50 solution. This etchant etches ␣-Si selectively over poly-Si with a selectivity of over 100:1. Plan-view pictures of these samples were taken using a field-emission scanning electron microscope ͑SEM͒. For some samples, cross-sectional SEM pictures were taken after an RCA clean followed by a 40 s etch in a HF/HNO 3 ͑1:400͒ solution to deliniate the grain structure in the laterally crystallized ␣-Si. The brightness and contrast of the images were suitably adjusted to give the best view of the grain structure.
To compare with the crystallization behavior obtained by a Ge layer, a 1.8 m SiGe layer was deposited on some wafers at 530°C. Secondary ion mass spectrometry ͑SIMS͒ analysis confirmed that the grown layer had a Ge content of 20%. These samples were annealed at 550 or 500°C to crystallize the ␣-Si films. After crystallization, the SiGe layer was removed by a selective SiGe etchant with respect to Si; i.e., HF/H 2 O 2 /CH 3 COOH = 1:2:3.
perimeter of the original Ge layer. The bright specks, both inside and outside the laterally crystallized ring, are due to the random crystallization of individual grains within the amorphous matrix. After annealing at 500°C for 40 h ͑Fig. 2a͒, the lateral crystallization is uniform around the perimeter of the germanium window, with the crystallization width varying from 220 to 510 nm from measurements at a total of 60 points on 6 rings. The average lateral crystallization width is 310 ± 73 nm. After annealing at 500°C for 60 h ͑Fig. 2b͒, the lateral crystallization width has increased to 500 ± 102 nm. In Fig. 2b , the density of randomly crystallized grains beneath the germanium layer inside the window is 13-15/m 2 , which is very similar to the density of 13-16/m 2 in regions outside the germanium window. There is therefore no sign of increased grain nucleation of ␣-Si under the germanium layer. Figure 3 shows plan-view SEM micrographs of selectively etched undoped 100 nm samples after annealing at 550°C for 20 and 40 h. As is evident from Fig. 3a , the laterally crystallized ring is again formed around the perimeter of the germanium-window and the lateral crystallization width is reasonably uniform, with a value of 260 ± 81 nm. The density of randomly crystallized grains beneath the germanium layer inside the window is 12-15/m 2 , which is again very similar to the density of 13-16/m 2 in regions outside the germanium window. In contrast, Fig. 3b shows that for a 40 h anneal at 550°C, there is no evidence of perimeter crystallization. The ␣-Si beneath the circular germanium layer has almost completely crystallized, whereas the ␣-Si outside the germanium window is in the early stages of crystallization. This result indicates increased crystallization of the amorphous silicon beneath the germanium layer compared to the areas without any germanium, as reported previously by Subramanian et al. 12, 13 Effect of ␣-Si thickness.-We now investigate the effect of the ␣-Si thickness on the perimeter crystallization. Figure 4 shows planview SEM micrographs of selectively etched, undoped samples with different ␣-Si thicknesses after an anneal at 550°C for 20 h. For a 200 nm film thickness, Fig. 4a shows that there is no sign of perimeter crystallization. Some randomly crystallized grains are observed both inside and outside the germanium window. The density of randomly crystallized grains beneath the germanium layer inside the window is 15-17/m 2 , which is again very similar to the density of 14-18/m 2 in regions outside the germanium window. Similar behavior is observed for a 400 nm ␣-Si thickness ͑not shown͒. For ͑Color online͒ Plan-view SEM micrographs of germaniuminduced lateral crystallization of amorphous silicon after an anneal at ͑a͒ 500°C for 40 h and ͑b͒ 500°C for 60 h. The 100 nm amorphous silicon layer was undoped and was selectively etched to remove the uncrystallized amorphous silicon.
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Journal of The Electrochemical Society, 154 ͑4͒ H275-H282 ͑2007͒ H276 film thicknesses ഛ100 nm, perimeter crystallization occurs around the germanium window, as can be seen in the SEM image of Fig. 4b for a 40 nm ␣-Si thickness. Figure 5 shows a graph of average lateral crystallization width as a function of ␣-Si film thickness for anneals of 20 h at 500 and 550°C. It can be seen that the lateral crystallization width increases with decreasing ␣-Si thickness. Values of 260, 660, and 750 nm are obtained for ␣-Si thicknesses of 100, 60, and 40 nm, respectively, for an anneal of 20 h at 550°C. A similar trend is observed for an anneal of 20 h at 500°C, where the lateral crystallization width for a 40 nm film approaches 600 nm.
Effect of doping.-In this section we present the effect of doping density and dopant species on the perimeter crystallization. Figure 6 shows plan-view SEM micrographs of selectively etched 100 nm boron-doped silicon films implanted with different boron doses and annealed at 550°C for 20 h. As is evident from the SEM images, a laterally crystallized ring is formed around the perimeter of the germanium window at each of these doses. The lateral crystallization Figure 7 shows plan-view SEM micrographs of selectively etched 100 nm silicon films implanted with different arsenic doses and annealed at 550°C for 20 h. Similar to the results for the borondoped samples, arsenic doping also increases the perimeter crystallization width. The average crystallization width are found to be 493 ± 114 and 642 ± 116 nm for arsenic doses of 2 ϫ 10 13 and 2 ϫ 10 15 /cm 2 , respectively, which compares with an average lateral crystallization width of 260 ± 81 nm for the undoped sample ͑Fig. 3a͒. Figure 8 compares the lateral crystallization width as a function of implant dose for boron-and arsenic-doped samples. It can be seen that arsenic doping gives a slightly bigger increase in the lateral crystallization width than boron doping. An implant dose of 3 ϫ 10 15 /cm 2 gives a doping concentration of around 10 20 /cm 3 , which is typically used for metal oxide semiconductor field effect transistor ͑MOSFET͒ source/drain doping. This suggests that if crystallization was initiated in the source or drain, an increased lateral crystallization width would be obtained.
Effect of a fluorine implant.-We now investigate the effect of a fluorine implant on the perimeter crystallization. An undoped 100 nm ␣-Si sample was implanted with fluorine with a dose of 5 ϫ 10 15 /cm 2 at 47 keV to place the peak fluorine concentration at the bottom ␣-Si/SiO 2 interface. A Ge layer was then deposited and the samples were annealed at 500 or 550°C. Implantation damage at the bottom ␣-Si/SiO 2 interface is known to retard random crystallization from pre-existing grains [16] [17] [18] and fluorine is also known to passivate dangling bonds at the oxide/silicon interface. 19, 20 Figure  9a shows a plan-view SEM micrograph of a fluorine-implanted 
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Journal of The Electrochemical Society, 154 ͑4͒ H275-H282 ͑2007͒ H278 100 nm ␣-Si film after annealing at 500°C for 40 h. No sign of perimeter crystallization is observed and there is no evidence of random crystallization either inside or outside the germanium window. Figure 9b shows a cross-sectional SEM micrograph of the fluorine-implanted 100 nm ␣-Si film at the perimeter of the germanim window after annealing at 500°C for 40 h. The homogeneous contrast in this image confirms the absence of any perimeter crystallization of the ␣-Si. These results demonstrate that perimeter crystallization and random crystallization are suppressed by the fluorine implant. Similar behavior was also observed after annealing at 550°C for 20 h.
SiGe-induced ␣-Si crystallization.-To investigate the relationship between the observed perimeter crystallization and the use of a Ge layer, we have also studied ␣-Si crystallization with a SiGe layer. Figure 10 shows a plan-view SEM micrograph of a selectively etched Si 80% Ge 20% -layered ␣-Si sample after an anneal of 20 h at 550°C. The ␣-Si thickness was 100 nm and the layer was undoped. No perimeter crystallization is seen but randomly crystallized grains are seen both inside and outside the window. Similar behavior was also observed after annealing at 500°C.
Characterization of perimeter crystallization behavior.-To investigate the mechanism of perimeter crystallization, we have characterized the morphology of the ␣-Si film at different stages of the crystallization process and for different ␣-Si thicknesses. Figure 11 shows a cross-sectional SEM micrograph of the ␣-Si after deposition. It can be seen that the upper part of the layer is completely amorphous, whereas small grains of polysilicon can be seen in the bottom part of the layer. Similar results have also been found in previous work. 17, 21, 22 Spinella et al. 17 showed the existence of polysilicon grains at the bottom ␣-Si/SiO 2 interface for an ␣-Si layer deposited at 550°C. These pre-existing grains have been attributed to heterogeneous nucleation during the early stages of the LPCVD process. 17 The deposition temperature of ␣-Si in this experiment is 560°C and hence, the morphology of ␣-Si just after deposition agrees well with that reported by Spinella et al. 17 Figure 12 shows cross-sectional SEM micrographs of ␣-Si films at the perimeter of the germanium window for two different film thicknesses after anneal at 500°C for 60 h. A schematic cross section of the sample structure is also shown ͑inset͒. For a 400 nm ␣-Si thickness, Fig. 12a shows randomly crystallized grains growing from the bottom ␣-Si/SiO 2 interface. Cross-sectional SEM micrographs on regions outside the germanium window showed that there was no significant difference in crystallization behavior in regions under the Ge layer, at the perimeter, and in regions outside the germanium window. For this anneal condition, the grain size in the vertical direction is around 220-260 nm and the characteristic grain width in the lateral direction is around 100-120 nm. There is no sign of grain nucleation from the top Ge or from the top ␣-Si/SiO 2 interface. Similar results are obtained for an ␣-Si thickness of 200 nm ͑not shown͒. In contrast, for a 100 nm ␣-Si thickness, Fig. 12b shows that a completely different behavior is obtained. Grain growth is observed at the perimeter of the germanium window, with lateral 
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Journal of The Electrochemical Society, 154 ͑4͒ H275-H282 ͑2007͒ H279 crystallization occurring both outside and beneath the germanium layer at the perimeter. The grain size obtained in the laterally crystallized region ͑ϳ500 nm͒ is much larger than that seen in regions inside and outside the germanium window ͑ϳ200 nm͒ shown in Fig. 2b . This behavior was observed in 95% of cross-sectional SEM images and hence is typical of the Ge-induced lateral crystallization process for a 100 nm ␣-Si thickness.
To further investigate the origin of the large grain around the perimeter of the germanium window, 100 nm samples were annealed for shorter times at 500°C ͑20 and 10 h͒. Figure 13 shows cross-sectional SEM micrographs at the perimeter of the germanium window for two different anneal times at 500°C and for two different film thicknesses. For a 200 nm ␣-Si thickness, Fig. 13a and b shows randomly crystallized grains at the bottom interface for both 20 and 10 h anneals. The grain sizes are again similar in regions inside and ouside the germanium window and at the perimeter. In contrast, for a 100 nm ␣-Si thickness, Fig. 13c and d shows grains at the perimeter of the germanium window with a grain size much larger than in the adjacent regions. Figure 13d clearly shows that these grains at the perimeter of the germanium window originate from the bottom ␣-Si/SiO 2 interface and grow vertically towards the Ge layer on the top of the ␣-Si film.
Discussion
Ge-seeded lateral crystallization of ␣-Si was originally proposed by Subramanian et al. 12, 13 to exploit the long incubation time of nucleated grains to achieve lateral crystallization. It was reported that Ge introduces an additional nucleation site by the formation of a SiGe layer at the Ge-Si interface which crystallizes faster than pure Si at any given temperature. 12, 13, 23, 24 In our experiments, we only see increased crystallization under the Ge layer for annealing times ജ40 h at 550°C, as shown in Fig. 3b for an anneal of 40 h at 550°C. This result suggests that the formation of a SiGe layer at the Ge/Si interface requires a relatively high anneal temperature.
Perimeter crystallization of ␣-Si by a Ge layer occurs at a lower temperature, such as 500°C as shown in Fig. 2 . This perimeter crystallization occurs only for ␣-Si thicknesses ഛ100 nm ͑Fig. 4͒, and using a 500°C anneal and a 40 nm ␣-Si layer it is possible to increase the lateral crystallization width to a value of nearly 600 nm as shown in Fig. 5 . During annealing, some randomly crystallized grains are observed in regions both inside and outside the germanium window, as can be seen in Fig. 2 and 3a . As discussed above, a similar density of randomly crystallized grains is observed inside and outside the germanium window for all anneal times and temperatures where perimeter crystallization was apparent. This suggests a similar crystallization mechanism beneath the Ge layer and beneath the top SiO 2 layer without any evidence of increased grain nucleation under the germanium layer, and hence we can conclude that perimeter crystallization is not due to the formation of a SiGe layer at the Ge/Si interface.
It is well known that the random crystallization of ␣-Si is due to a combination of crystallization from pre-existing grains and from grain nucleation. 17, 18 Crystallization from grain nucleation is initially zero and rises after an incubation time towards a steady-state value, 17, 18 whereas crystallization from pre-existing grains starts immediately upon annealing. Typical incubation times are around 1000 and 70 h for annealing temperatures of 500 and 550°C, respectively. 18 We would therefore not expect to see any crystallization in our work due to grain nucleation. However, both Spinella et al. 17 and Iverson et al. 18 showed that the presence of pre-existing grains results in the rapid crystallization of ␣-Si and the relevant kinetics strongly depend on the grain density after deposition. Figure  11 shows that the deposited ␣-Si in our experiments is mixed-phase ␣-Si with small polysilicon grains at the bottom ␣-Si/SiO 2 interface. The grain density after deposition is calculated to be 13.5/m 2 and remains constant with anneal time in agreement with the results of Iverson et al. 18 From the cross-sectional SEM micrographs in Fig.   Figure 12 . ͑Color online͒ Cross-sectional SEM micrographs of ␣-Si films at the perimeter of the germanium window for two different film thicknesses after annealing at 500°C for 60 h: ͑a͒ 400 and ͑b͒ 100 nm. ͑Inset͒ Schematic diagram of the sample structure. Figure 13 . ͑Color online͒ Cross-sectional SEM micrograph of ␣-Si films at the perimeter of the germanium window for ͑a͒ a 200 nm film annealed at 500°C for 20 h, ͑b͒ a 200 nm film annealed at 500°C for 10 h, ͑c͒ a 100 nm film annealed at 500°C for 20 h, and ͑d͒ a 100 nm film annealed at 500°C for 10 h.
12 and 13, it can be concluded that the grains around the perimeter of the germanium window originate from the bottom ␣-Si/SiO 2 interface and hence is likely to be due to grains that were present after deposition.
Evidence of the importance of grains at the bottom ␣-Si/SiO 2 interface comes from the results in Fig. 9 , which show that perimeter crystallization is suppressed when a high-dose fluorine implant is performed after ␣-Si deposition. There is no evidence of grains in this case, indicating that the damage from the fluorine implant has removed the pre-existing grains and hence eliminated the perimeter crystallization. This result also indicates that apart from the preexisting grains no other nucleation mechanism is present at the perimeter of the Ge layer.
We now discuss the formation of large grains around the perimeter of the germanium window. Table I shows the calculated grain growth rate in different regions of the ␣-Si film from observations of the grain sizes during annealing at 500°C for different times. The observed grains are elliptical and hence the effective radial grain growth rate ͑V g,radial ͒ was estimated from the geometrical mean of the major-axis ͑V g,major ͒ and the minor-axis ͑V g,minor ͒ grain growth rates, following the method of Iverson et al. 25 Around the perimeter of the germanium window of the 100 nm film, we were only able to calculate V g,major due to many adjacent grains attached to each other in the minor axis direction. For the 200 nm film, Table I shows that a similar grain growth rate is obtained in all regions, with a value in the major axis of between 0.62 and 0.68 Å/min. While a wide range of crystal growth rates are reported in the literature, 17, 18, [25] [26] [27] [28] [29] this grain growth rate agrees well with the extrapolated value of Zellama et al. 26 For the 100 nm film, the major-axis grain growth rate ͑V g,major ͒ at the perimeter of the germanium window is 2.3 times higher than that seen in the other regions. Thus, perimeter crystallization can be attributed to the formation of large grains due to a higher grain growth rate at the perimeter of the germanium window. As discussed above, these grains are present after ␣-Si deposition and are located at the bottom of the ␣-Si film. The increased grain growth rate induced by the presence of the germanium on the top of the ␣-Si film must therefore be due to action-at-distance. This suggests that strain around the perimeter of the Ge layer may be the underlying cause of the perimeter crystallization. Figure 10 , which shows results obtained for a Si 0.80 Ge 0.20 layer, provides further evidence for the importance of strain. As is evident from the SEM image, perimeter crystallization is not occurring in this case. This result suggests that perimeter crystallization may be related to the thermodynamic property of Ge. For a temperature of 500-550°C the thermal expansion coefficients of Ge, Si 0.80 Ge 0.20 , and Si are around 7, 3.5, and 3.25 m/mK, 30 whereas the thermal expansion coefficient of SiO 2 is much lower ͑0.5 m/mK͒. The higher volumetric expansion of the Ge layer than that of the SiO 2 and ␣-Si layers would provide a source of strain during the crystallization anneal. As SiO 2 has insignificant expansion compared to that of the Ge layer, the strain would be localized towards the SiO 2 through the edge of the Ge layer adjacent to SiO 2 . As a result, large-grain formation is initiated only at the perimeter of the Ge layer, whereas the regions under the Ge layer are unaffected. However, the effectiveness of this strain would be expected to depend on the thickness of the ␣-Si layer, as was seen in the increased perimeter crystallization for thin films in Fig. 5 . Hou et al. 31 also showed that strain introduced into an ␣-Si film using a stainless bending fixture enhanced the grain growth rate but did not affect nucleation. Based on this observation, perimeter crystallization can be attributed to the formation of large grains due to an increased growth rate of pre-existing grains around the perimeter of the germanium window as a result of strain generated by the thermal expansion of the germanium layer.
We finally explain the effect of doping on the perimeter crystallization as shown in Fig. 6-8 . This can be attributed to an increase in the grain growth rate by the presence of solute atoms ͑n-and p-type͒. 32, 33 Suni et al. 32 hypothesized that the SPE growth rate is related to the concentration of charged vacancies residing in the crystal, where the vacancy concentration is determined by the position of the Fermi energy level, which in turn can be tailored by the doping concentration. Park et al. 33 proposed a mechanism based on the solute-induced reduction of the bond strength, which facilitates the bond-breaking ͑formation͒ process, resulting in the thermal generation of dangling bonds at the crystalline/amorphous interface during recrystallization. The presence of dopants on the crystalline side of the interface, whether p-type or n-type, supplies excess holes ͑or electrons͒ to the crystalline/amorphous interface and therefore reduces the bond strength and increases the growth rate.
Conclusion
We have studied the mechanism of a new amorphous-siliconcrystallization phenomenon that originates from the perimeter of a germanium layer during annealing at a low temperature such as 500°C. Perimeter crystallization is obtained for ␣-Si thicknesses ഛ100 nm and increases with decreasing ␣-Si thickness and increasing doping level. For ␣-Si thicknesses ജ200 nm, perimeter crystallization is not observed but random crystallization of silicon grains is seen. For ␣-Si thicknesses ഛ100 nm, perimeter crystallization has been found to originate from pre-existing grains at the bottom ␣-Si/SiO 2 interface. The perimeter crystallization phenomenon disappears when the amorphous silicon is implanted with fluorine and when silicon-germanium ͑Si 80% Ge 20% ͒ is employed instead of germanium. The perimeter crystallization is attributed to an increased growth rate of pre-existing grains around the perimeter of the Ge layer due to the strain generated by the thermal expansion of the germanium layer during anneal. The germanium-induced perimeter crystallization therefore provides a new spatially controlled ␣-Si crystallization method, which can be achieved at low thermal budgets and hence would be attractive for 3D CMOS integration and large-area electronics. 
